Abstract. The well-known Bragg-Kleeman rule R CSDA = A · E p 0 has become a pioneer work in radiation physics of charged particles and is still a useful tool to estimate the range R CSDA of approximately monoenergetic protons with initial energy E 0 in a homogeneous medium. The rule is based on the continuous-slowing-down-approximation (CSDA). It results from a generalized (nonrelativistic) Langevin equation and a modification of the phenomenological friction term. The complete integration of this equation provides information about the residual energy E(z) and dE(z)/dz at each position z(0 ≤ z ≤ R CSDA). A relativistic extension of the generalized Langevin equation yields the formula
p 0 has become a pioneer work in radiation physics of charged particles and is still a useful tool to estimate the range R CSDA of approximately monoenergetic protons with initial energy E 0 in a homogeneous medium. The rule is based on the continuous-slowing-down-approximation (CSDA). It results from a generalized (nonrelativistic) Langevin equation and a modification of the phenomenological friction term. The complete integration of this equation provides information about the residual energy E(z) and dE(z)/dz at each position z(0 ≤ z ≤ R CSDA). A relativistic extension of the generalized Langevin equation yields the formula
2 ) p . The initial energy of therapeutic protons satisfies E 0 2M ·c 2 (M ·c 2 = 938.276 MeV), which enables us to consider the relativistic contributions as correction terms. Besides this phenomenological starting-point, a complete integration of the Bethe-Bloch equation (BBE) is developed, which also provides the determination of R CSDA, E(z) and dE(z)/dz and uses only those parameters given by the BBE itself (i.e., without further empirical parameters like modification of friction). The results obtained in the context of the aforementioned methods are compared with MonteCarlo calculations (GEANT4); this Monte-Carlo code is also used with regard to further topics such as lateral scatter, nuclear interactions, and buildup effects. In the framework of the CSDA, the energy transfer from protons to environmental atomic electrons does not account for local fluctuations. Based on statistical quantum mechanics, an analysis of the Gaussian convolution and the Landau-Vavilov distribution function is carried out to describe these fluctuations. The Landau tail is derived as Hermite polynomial corrections of a Gaussian convolution. It is experimentally confirmed that proton Bragg curves with E 0 ≥ 120 MeV show a buildup, which increases with the proton energy. This buildup is explained by a theoretical analysis of impinging proton beamlets. In order to obtain a complete dose calculation model for proton treatment planning, some further aspects have to be accounted a e-mail: Waldemar.Ulmer@gmx.net 2 The European Physical Journal Special Topics for: the decrease of the fluence of the primary protons due to nuclear interactions, the transport of released secondary protons, the dose contribution of heavy recoil nuclei, the inclusion of lateral scatter of the primary and secondary protons based on Molière's multiple-scatter theory, and the scatter contributions of collimators. This study also presents some results which go beyond proton dose calculation models; namely, the application of the relativistic generalization of the Bragg-Kleeman rule to electrons and, in an appendix, a method to determine inelastic cross-sections of therapeutic protons in media of therapeutic interest.
Introduction
The connection between the initial energy E 0 of a projectile particle (e.g., proton, electron, α-particle) and the range R CSDA in a (homogenous) medium (e.g., water) by continuous energy loss, which is referred to as stopping power, represents an important challenge for many questions in dosimetry. Thus, CSDA only considers the energy transfer from the projectile to the medium by continuous damping of the particle motion; the problem of statistical fluctuations (energy straggling) of the residual energy E(z) or its gradient dE(z)/dz at the position z are not taken into account. The phenomenon of the local fluctuation of the energy transfer (range straggling effects) requires the introduction of convolutions on the base of statistical mechanics and/or quantum statistics (Landau, Vavilov, and Gaussian distributions).
Nevertheless, the damping of particle motion (energy dissipation) by interaction with the environment has become an important subject in many disciplines of physics, as it also pertains to the domain of the thermodynamics of irreversible processes. In this study, we show that the determination of the range R CSDA can be treated by a generalized (nonrelativistic) Langevin equation or by the integration of the Bethe-Bloch equation (BBE). With respect to energy straggling, we will verify that a quantum statistical base implies a Gaussian convolution and some generalizations for energy straggling (Landau tail, if the relativistic effects are accounted for). The energy-range relation goes back to the Bragg-Kleeman rule:
A special case of Eq. (1) is the Geiger rule with p = 1.5, which is assumed to be valid for α-particles with very low energy. For therapeutic protons (E 0 between 50 and 250 MeV) the power p has been determined to p ≈ 1.7 -1.8. Since E 0 is given in MeV and R CSDA in cm, the dimension of A is cm/MeV p ; the power p is dimensionless. Therefore, the question arises as to the energy dependence of the power p (besides the specific dependence on the type of the projectile). Bortfeld (1997) has performed a least-squares fit of the range R CSDA of therapeutic protons, based on ICRU49, and obtained for p = 1.77 and A = 0.0022 cm/MeV p a standard error of the order of 2 %, if E 0 ≤ 200 MeV. A precise knowledge of p = p(E 0 ) requires again a comparison with solutions of the BBE or with Monte-Carlo calculations.
At recent times, proton radiotherapy has become a modality with increasing importance, which triggers a lot of work in the field of algorithms for treatment planning. One of the challenges in treatment planning is to find a reasonable compromise between the speed and the accuracy of an algorithm. The fastest dose calculation algorithms are based on look-up tables for depth dose and lateral distributions of spread-out Bragg peaks (SOBP) or single pristine Bragg peaks, see Hong et al. (1996 ), Petti (1992 , Deasy (1998 ), Schaffner et al. (1999 , Russel et al. (2000) , Szymanowski and Oelfke (2002), and Ciangaru et al. (2005) . The look-up tables often
